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(57) Abstract: The present invention describes a novel method, a specialised device and a kit for quantitative analysis of mutation 
loads in cells and tissues. The method of the invention consists of analysing mutations, predominantly within microsatellite DNA, 
in a large number of single-cells or small cell-clusters independently, This approach is particularly suitable when the detection of 
a specific molecular change is easily obscured by the presence of normal molecules or by the presence of molecular changes with 
opposite orientation. Furthermore, it enables the concurrent quantification of mutant frequencies as well as of genetic heterogeneity. 
The specialised device contemplates the immobilisation of a large number of cells in a specified geometric order, primarily as a grid 
array, onto a miniaturised carrier, which then enables the molecular analysis of single-cells or small cell-clusters in separate reaction 
and analysis spaces, thus providing information on the number of modified cells and the nature of the molecular alteration. 
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A METHOD AND A DEVICE FOR QUANTIFICATION OF MUTATION LOADS 

FIELD OF THE INVENTION 

5 The present invention relates to the field of molecular diag- 
nostics. In particular, the invention relates to the quanti- 
tative analysis of mutations in cells and tissues; to the 
identification of the predominant form of genetic instabil- 
ity, and to the screening for genetic susceptibility to ma* 
10 lignant tumors, 

BACKGROU ND OF THE INVENTION 

The invention relates to a method, a device and a kit for the 
15 quantification of mutation loads in cells and tissues by de- 
termining mutant frequencies and genetic heterogeneity on the 
single-cell or oligo-cell level* Its main application is the 
detection and quantification of mutations in preneoplastic 
and neoplastic conditions in order to identify patients at 
20 risk for cancer development, to clarify diagnosis of malig- 
nant disease, to specify the mechanisms of genetic instabil- 
ity, to quantify the degree of genetic heterogeneity in ma- 
lignant tumors as well as to screen for the presence of muta- 
tions conferring resistance to cancer treatment, 

25 Tumorigenesis and tumor progression can be considered an evo- 
lutionary process in which mutant and more tumorigenic sub- 
populations are sequentially selected and derived from less 
tumorigenic or benign progenitor cells. This view of cancer 
first proposed by P.C. Novell in 1976 is supported by genetic 
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data demonstrating the monoclonal origin of malignant tumors 
and the multistep nature of tumorigenesis {Fearon & Vogel- 
stein, 1990, Loeb & Christians, 1996, Nowell, 1976, Whitte- 
rrtore & Keller, 1978), The two main driving forces of tumori- 
5 genesis are on one hand a positive growth selection which may 
be mediated by external influences as well as by mutations in 
genes responsible for cell growth and apoptosis regulation 
and on the other hand an enhanced mutation rate leading to 
genetic instability* 

10 Several human diseases are associated with an enhanced muta- 
tion rate and a predisposition to cancer. The genetic defects 
mostly reside in systems responsible for detecting or cor- 
recting genetic damage from external or internal sources* 
Many different genes are involved in genetic instability. 

15 Specific genetic alterations could be identified for heredi- 
tary conditions like ataxia teleangiectasia {ATM) , xeroderma 
pigmentosum (RPA, ERCC1, ERCC3, ERCC5, ERCC6, XPC) , Li- 
Fraumeni syndrome (P53), familial breast cancers (BRCA1, 
BRCA2), hereditary nonpolyposis colorectal cancer (MLH1 , 

20 MSH2, MSH3, MSH6, PMS1, PMS2) . Although defects in many dif- 
ferent genes may lead to genetic instability, genetic insta- 
bility by itself may be classified into only two groups, 
which can be detected by one test. 

Defects of the repair of double strand DNA-breaks (Lopes et 
25 al,, 1999} or of centrosome function (Ghadinmi et al w 2000) 
and spindle assembly lead to losses or duplications of long 
stretches of chromosomal DNA {gross chromosomal rearrange- 
ments) which can be detected by loss of heterozygosity {LOH) 
of polymorphic DNA such as microsateilite DNA (Weber & May, 
30 1989), 
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Defects of genes responsible for the repair of DNA mismatches 
enhance the occurrence of point mutations, small DNA dele- 
tions and frameshift mutations in repetitive DNA sequences 
such as microsatellite DNA (lonov et al«, 1993, Kolodner & 
5 Marsischky, 1999) . This kind of genetic instability is named 
microsatellite instability (MSI) . 

Therefore, the analysis of microsatellite DNA, which can be 
easily amplified by the polymerase chain reaction (PGR, US 
patent 4,683,195) enables the detection of both mechanisms of 
10 genetic instability (US patents: 6,191,268; 6,165,713). 

Determination of the true mutation rate of prokaryotic and 
eukaryotic cells generally requires cell culture techniques, 
which are laborious and time-consuming (Kendal & Frost, 
1988)* Major technical problems associated with the measure- 

15 merit of mutation rates root in the low mutation rate of eu- 
karyotic cells, which ranges from approx. 10~ 6 - 10~ 7 in nor- 
mal human cells (Boesen et al., 1995) and 10~ 6 to 1Q~ 4 (Eshle- 
man et al., 1995, Glaab & Tindall, 1997) in tumor cells. The 
statistics of rare events require significantly large numbers 

20 of samples and repetitions of the mutation assays in order to 
yield valid data. 

For clinical purposes, the exact knowledge of the mutation 
rate may be replaced by the determination of the frequency of 
mutant cells in a specific tissue (Green et al*, 1995). An 
25 enhanced mutant frequency will reflect both, an enhanced mu- 
tation rate as well as the positive selection of mutant cells 
and will, therefore, provide a risk estimate for the develop- 
ment of malignant tumors- It has been demonstrated that mu- 
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tant frequencies rise with age and show significant differ- 
ence between individuals (Grist et al., 1992). 

A second indicator of an enhanced mutation rate is genetic 
heterogeneity. It is an indirect evidence of the mutational 
5 pressures during tumorigenesis and tumor progression and it 
reflects the multistep nature of the neoplastic transforma- 
tion as genetic heterogeneity may represent different steps 
of the early tumorigenic process. Analysis of genetic hetero- 
geneity can, therefore, be used to estimate mutation rates in 

10 malignant and premalignant tissues* Genetic heterogeneity can 
be observed in many human malignancies (Boni et al. 1998 , Fu- 
ji! H et al* 1996, Mirchandani et al,, 1995). It is important 
to point out that analysis of genetic heterogeneity in pri- 
mary colon cancers has demonstrated that the benign adenoma, 

15 which is the precursor of colon cancer yields a higher degree 
of genetic heterogeneity than the derived malignant tumor 
cell clone (Shibata et al . 1993, Boland et al. 1995, Tolle- 
naar et al. 1997). Analysis of genetic heterogeneity may, 
therefore, be particularly suitable to detect premalignant 

20 lesions at risk for malignant conversion* 

It has been demonstrated that analysis of microsatellite DNA 
of small microdissected cell-clusters of malignant tissues 
enables the identification of the two main mechanisms of ge- 
netic instability {Boni et al . 1998, Rubben et al., 2000). 

25 In several cases, analysis of microdissected tissue samples 
of malignant melanomas showed the concurrent presence of 
cells with losses of either the maternal or the paternal mi- 
crosatellite allele (Morita et al*, 1998, Rubben et al., 
2000) ♦ Analysis of pooled tissue from these samples would 
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have made the demonstration of genetic instability as well as 
its quantification impossible. 

The concurrent presence of cells with gross chromosomal rear- 
rangements that target the same chromosomal region but that 
5 lead to loss of one chromosomal region in some cells and loss 
of the homologue chromosomal region of the other chromosome 
in other cells is an indirect evidence of the selective pres- 
sure for this chromosomal rearrangement and a clear indicator 
of multilineage progression in these malignant tumors. Multi™ 

10 lineage progression could be demonstrated in many human ma™ 
lignancies (Tsao et al«, 1999). Therefore, it is highly prob- 
able that analysis of genetic instability by PCR- 
amplif ication of microsatellite DMA will underestimate mutant 
frequencies in most human cancers if pooled cells are ana- 

15 lysed. 

Multilineage progression may also obscure the detection of 
microsatellite instability, as microsatellite sequences may 
elongate or contract in tumor cells with defects of DNA mis- 
match repair genes. Thus, a continuous spectrum of elongated 
20 or contracted microsatellite sequences may not be detected in 
pooled tumor cells. 

A second problem associated with the quantification of mutant 
frequencies and genetic heterogeneity results from the fact 
that tumor cells are under a strong negative selective pres- 
25 sure under in-vlvo conditions: The action of the immune sys- 
tem and of cancer treatments as well as the occurrence of mu- 
tations in essential genes lead to a constant reduction of 
genetic heterogeneity within the tumor cell population. Evi- 
dence of negative selective pressure during tumor progression 
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could be demonstrated in malignant melanoma (Rubben et al., 
2000) + Positive selection of tumor cells through a strong 
growth advantage basically has the same effect and will re- 
duce overall genetic heterogeneity within the tumor cell 
5 population* The biasing . effect of selective pressure during 
tumor progression is stronger when pooled tissue is analysed, 
as the predominant tumor cell clone will obscure the presence 
of additional mutated tumor ceils. 

It has been shown by our laboratories that analysis of multi- 
10 pie tumor cell areas of approximately 200 cells each within 
malignant and premaiignant tissues gives the opportunity to 
assess mutant frequencies as well as the overall genetic het- 
erogeneity within the analysed specimens {Rubben, 2001) . It 
also has been demonstrated that premaiignant conditions can 
15 be differentiated from benign tissue by this technique (Rub- 
ben, 2001}. Nevertheless, analysis of mutant frequencies by 
microdissection has major limitations: 

i . The number of cells can not be reduced to fewer than ap- 
prox. 50 cells as DNA of microdissected tissue is often 

20 degraded by fixation and by the method of microdissec- 

tion. When only few cells are analysed, amplification of 
microsatellite DNA may arbitrarily favour one allele 
over the other which would lead to a false positive LOH 
result (Sieben NL et al., 2000). On the other hand, the 

25 analysis of large cell clusters reduces the sensitivity 

to detect genetic instability. 

ii. Determination of mutant frequencies by analysis of 
cell clusters of 100 to 200 cells would require screen- 
ing of a very large number of microdissected tumor cell 

30 areas as, depending on the mutation rate, 100 to 10,000 
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areas per specimen may have to be analysed in order to 
yield statistically significant results* As microdissec- 
tion analysis is extremely laborious/ analysis of mutant 
frequencies by microdissection of 100 to 10,000 areas 
5 using conventional techniques is not practical for rou- 

tine applications. 



Multilineage progression in malignant and premalignant tis- 
sues is the reason why mutation detection using microsatel- 

10 lite analysis is greatly impaired when tissue specimens are 
analysed as a whole. Furthermore , as mutations represent rare 
events, a large number of cells or cell-clusters have to be 
screened in order to yield statistically significant results. 
The currently available techniques are too labour-intensive 

15 to routinely estimate mutant frequencies and genetic hetero- 
geneity in clinical specimens through the analysis of micro- 
satellite DNA. 



For the reasons set out above an estimation of mutant fre- 
20 quencies and genetic heterogeneity using microsatellite 
analysis does require separate analysis of isolated single- 
cells or of small cell-clusters in order to detect the major- 
ity of the present mutations. As mutations represent rare 
events, multiple cells or cell-clusters have to be screened 
25 in order to yield statistically significant results. 

The present invention provides both a rapid and easy method 
and device to perform analysis of mutant frequencies and ge- 
netic heterogeneity in multiple single-cells or small cell- 
clusters . 
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SUMMARY OF THE INVENTION 

The proportion of mutant cells (mutant frequency) as well as 
5 the degree of genetic heterogeneity in premalignant and ma- 
lignant cells or tissues constitute the mutation load. The 
mutation load is dependent on the generation number of the 
clonal expansion as well as on the degree of the underlying 
genetic instability. A high mutation load is a risk factor 
10 for neoplastic transformation (DePinho, 2000), it may define 
the time point of neoplastic transf ormation, it is an indica- 
tor of tumor progression and it is a negative prognostic fac- 
tor of tumor therapy* 

The present invention has resulted from the finding that 
15 analysis of mutant frequencies and genetic heterogeneity 
within premalignant and malignant tissues and cells requires 
the separate analysis of a large number of cells on the sin- 
gle-cell or oligo-cells level. 

It has been shown that multilineage progression is a common 
20 feature of malignant melanoma (RUbben et al., 2000}, Multi- 
lineage progression as well as strong selection for gross 
chromosomal rearrangements targeting the same chromosomal re- 
gion but resulting in loss of one chromosomal region in some 
cells, and loss of the homologue chromosomal region on the 
25 other chromosome in other cells, greatly limit the applica- 
tion of microsatellite analysis for the quantification of mu- 
tant frequencies and genetic heterogeneity in premalignant 
and malignant cells or tissues* 
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Multilineage progression may also obscure the detection of 
microsatellite instability, as microsatellite sequences may 
elongate or contract in tumor cells with defects of DNA mis- 
match repair genes. Thus, a continuous spectrum of elongated 
5 or contracted microsatellite sequences may not be detected in 
pooled tumor cells. 

Quantification of mutant frequencies and genetic heterogene- 
ity may also be biased by selective pressures within the tu- 
mor cell microenvironment . A strong negative selective pres- 

10 sure which reduces mutant frequencies and genetic heterogene- 
ity may result under in-vivo conditions through the action of 
the immune system and by cancer treatment. Furthermore/ the 
occurrence of mutations in essential genes may also lead to a 
constant reduction of genetic heterogeneity within the tumor 

15 cell population. Positive selection of tumor cells through a 
strong growth advantage has the same effect on overall ge- 
netic heterogeneity within the tumor cell population but will 
result in an overestimat ion of mutant frequencies. We could 
demonstrate evidence of negative as well as positive selec- 

20 tive pressures during tumor progression in malignant mela- 
noma, but it is conceivable that strong selective pressure is 
present in most human cancers (Rtabben et al«, 2000}, The bi- 
asing effect of selective pressure during tumor progression 
is stronger when pooled tissue is analysed as the predominant 

25 tumor cell clone will obscure the presence of additional mu- 
tated tumor ceils. 

Therefore, the main object of the present invention is a 
method providing an independent mutation analysis of multiple 
single-cells or small cell-clusters. 
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Microsatellite DMA is a prime target for mutation analysis as 
both forms of genetic instability, i.e. gross chromosomal re- 
arrangements and microsatellite instability may be detected 
by PCR-amplif ication and analysis of microsatellite DNA se- 
5 quences* Nevertheless, the principle of the invention may 
also be applied to other molecular techniques detecting loss 
of heterozygosity or mutations in mismatch repair genes such 
as analysis of single nucleotide polymorphisms (SNPs) or 
screening for mutations at repetitive DNA sequences within 
10 genomic DNA other than microsatellite DNA. Disease specific 
mutations, such as codon 12 K-ras-mutations in colorectal 
cancer, may also represent targets for mutation analysis* 

Independent molecular analysis of single-cells or small cell- 
clusters may, in its most simple form, be performed through 
15 limiting dilution of the solution containing purified single- 
cells. A dilution of approximately 1-2 intact cells per sam- 
ple is suitable for this quantitative approach. 

However, a far more precise and easier to handle technique 
20 for the analysis of multiple single-cells or small cell- 
clusters is the analysis by cell-microarray-chips (CMC) . 

Therefore, it is a further important object of the present 
invention to provide a specialized CMC for the analysis of 
25 mutant frequencies and genetic heterogeneity by immobilising 
a large number of cells in a specified geometric order, pri- 
marily as a grid array, onto a miniaturised carrier which 
then enables the molecular analysis of single-cells or small 
cell-clusters in separate reaction and analysis spaces, thus 
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providing information on the number of modified cells and the 
nature of the molecular alteration. 

Selective analysis of specific cells is ensured by interac- 
tion of the binding area on the carrier with target molecules 
5 on the surface of these cells* The number of cells bound to 
each analysis area is determined by the surface area of the 
molecules mediating specific binding on the carrier. Antibod- 
ies, integrins, lectins, receptor-ligand complexes, bioengi- 
neered molecules or related mechanisms and the like, may en~ 
10 able binding. 

Molecular analysis can be performed as described above and 
may be done directly on the carrier or after transfer of ma- 
terial onto a specific analysis device. 

15 

BRIEF DESCRI PTION OF THE DR AWINGS 

Figure 1: Analysis of genetic instability at microsatellite 
marker D18S65 in three microdissected regions of a 

20 malignant melanoma {electropherogram analysis, ABI 

PRISM 373, molecular size marker: GENE3CAN 4 00HD 
ROX, PE Applied Biosystems) * Area 1 shows loss of 
heterozygosity (LOH) by the absence of allele A, 
Area 2 demonstrates microsatellite Instability 

25 (MSI) as allele A is shifted to the right indicat- 

ing an expansion of DNA repeat sequences* Area 3 
does not demonstrate LOH or MSI. 
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Figure 2: Analysis of genetic instability at microsatellite 
marker D9S162 in eight microdissected regions of a 
dysplastic rnelanocytic nevus ( electropherogram 
analysis, ABI PRISM 373, molecular size marker: 

5 GENES CAN 400HD ROX) . Areas 1, 2 and 7 show LOH by 

the absence of allele B * Area 4 demonstrates par- 
tial LOH by the absence of allele A as well as MSI 
as allele B is shifted to the left indicating a 
contraction of DNA repeat sequences. Areas 3/ 5, 6 

10 and 8 also show MSI * N represents the normal tissue 

of the patient without LOH or MSI * 



15 



Figure 3: Graphic display of LOH-mutat ion index found in 5 
normal and 5 dysplastic rnelanocytic nevi ♦ 



Figure 4: Analysis of genetic instability at marker D18S65 in 
tumor cell line MEL-IM (electropherogram analysis, 
ABI PRISM 373, molecular size marker: GENE SCAN 
400HD ROX) . Data were generated by performing 100 
20 PCR reactions containing 1-2 tumor cells per reac- 

tion . 



Figures 5-7; Schematic . drawing of method for mutation de- 
tection and quantification of large number of sin- 
25 gle-cells or small cell-clusters using cell- 

rnicroarray-chips . 
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Figure 8: Schematic drawing of a cell-microarray-chip for 
risk-assessment of melanocytic nevi , 



5 DETAILED DESCRIPTION OF THE INVENTION 

The proportion of mutant cells (mutant frequency) as well the 
degree of genetic heterogeneity in premalignant and malignant 
cells or tissues reflect the number of mutations which arise 

10 during the clonal expansion of a cell lineage. This accumula- 
tion of mutations as well as the accumulation of mutant cells 
constitute the mutation load which is dependent on the gen- 
eration number of the clonal expansion as well as on the de- 
gree of the underlying genetic instability. It has been dem- 

15 onstrated that a high mutation load is a risk factor for neo- 
plastic transformation (DePinho, 2000) . The mutation load may 
define both, the time point of neoplastic transformation as 
well as the stage of tumor progression. A high mutation load 
may increase the possibility that resistant cells are already 

20 present before a specific anti-tumor therapy is started. 
Therefore , the mutation load may be regarded as a general 
negative prognostic factor of any anti-tumor therapy. 

The present Invention is a result from the recent finding 
25 that quantification of mutant frequencies and genetic hetero- 
geneity within premalignant and malignant tissues and cells 
does require the analysis of a large number of cells on the 
single-cell or oligo-cells level: 
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Firstly, it has been confirmed that muitilineage progression 
is a feature of malignant melanoma by quantitative analysis 
of mutations affecting microsatellite DNA (LOH and MSI) at 
different progression stages of a malignant melanoma {RObben 
et aL, 2000}* Muitilineage progression had already been 
shown in other human cancers (Tsao et al . 1999) but the pre- 
sent data demonstrated that muitilineage progression results 
from the repeated occurrence of mutations targeting the same 
chromosomal regions which reflects strong selective pressure 
for specific chromosomal rearrangements in malignant tumors, 
As these mutations occur independently, one result of multi- 
lineage progression is that some cells may harbour loss of 
one allele located in a specific chromosomal region whereas 
other cells of the same tumor may yield loss of the homologue 
chromosomal region on the other chromosome* 

This let to the conclusion that when pooled cells of a tumor 
or a preneoplastic tissue are analysed, the presence of cells 
harbouring allele losses of the same chromosomal region, but 
20 in some cells affecting one allele and in other cells affect- 
ing the homologue allele on the other chromosome, may result 
in a decreased detection sensitivity of this class of muta- 
tions. 

25 The inventor has then analysed mutations of microsatellite 
DNA in multiple microdissected areas of primary malignant 
melanomas and has been able to demonstrate a very high degree 
of genetic heterogeneity with different tumor cell clones 
displaying loss of heterozygosity (LOH) of either alleles. 



10 



WO 02/088388 



15 



PCT/IBOl/006% 



Mutation loads in these tumors may not be correctly quanti- 
fied if pooled tumor cells are taken for analysis, it also 
has been demonstrated that a primary malignant melanoma may 
harbour both classes of genetic instability in different tu- 

5 mor areas, i.e. gross chromosomal rearrangements detected by 
LOH at microsatellite loci as well as microsatellite insta- 
bility (Rubben et al., 2000). Figure 1 shows an example. Fur- 
thermore, as microsatellite sequences may elongate or con- 
tract in tumor cells with defects of DNA mismatch repair 

10 genes, a continuous spectrum of elongated or contracted mi- 
crosatellite sequences may also not be detected in pooled tu- 
mor cells* Therefore, multilineage progression may obscure 
the detection of microsatellite instability as well. 



15 Furthermore, it has been found that mutant frequencies and 
genetic heterogeneity may also be biased by selective pres- 
sures within the tumor cell microenvironment . A strong nega- 
tive selective pressure which reduces mutant frequencies and 
genetic heterogeneity may be the consequence of the action of 

20 the immune system and or of a specific cancer treatment. Fur- 
thermore, the occurrence of mutations in essential genes may 
also lead to a constant reduction of genetic heterogeneity 
within the tumor cell population. Positive selection of tumor 
cells through a strong growth advantage has the same sup- 

25 pressing effect on overall genetic heterogeneity within the 
tumor cell population, but will result in an increase of mu- 
tant frequencies. Evidenvce of negative as well as positive 
selective pressures during tumor progression in malignant 
melanoma (Rubben et al*, 2000) has been demonstrated, but it 
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is conceivable that strong selective pressure is present in 
most human cancers. 

The biasing effect of selective pressure during tumor pro- 
gression is stronger when pooled tissue is analysed as the 
5 predominant tumor cell clone will obscure the presence of ad- 
ditional mutated tumor cells. 

When it became obvious that mutations resulting in loss of 
heterozygosity or microsatellite instability may be best de- 

10 tected by analysing multiple microdissected cell-clusters, 
analysis of multiple cell-clusters of the same tissue has 
been carried out enabling the quantitative measurements of 
mutation loads: Five normal melanocytic nevi as well as five 
dysplastic melanocytic nevi were taken, which represent a 

15 preneoplastic condition for the development of malignant 
melanoma and have been analysed for the presence of LOH or 
microsatellite instability. Mutant frequencies (m) as well as 
genetic heterogeneity {= frequency of distinguishable cell 
clones = n) were combined to a mutation index by the formula; 

20 Vmxn. Mean LOH-mutation index was 0.17 in normal melanocytic 
nevi but 0.48 in dysplastic melanocytic nevi (p= 0-004). 
Thus, the preneoplastic condition for malignant melanoma dis- 
played a significantly higher mutation load than the benign 
melanocytic nevus. Figure 2 shows a typical example of micro- 

25 satellite analysis of a dysplastic melanocytic nevus while 
figure 3 displays the results of the study graphically. 

As a result of these data, it was reasoned that the most ef- 
fective method to quantify mutation loads is the analysis of 
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multiple cells on the single-cell or oligo-cells level. 
Therefore, a limiting dilution of the melanoma tumor cell 
line MEL-IM was performed in order to obtain a dilution of 
approximately 1-2 intact cells per PGR reaction. Analysis of 
5 100 cells at microsatellite marker D18S65 showed that 53% of 
ail cells demonstrated LOH of the allele of smaller molecular 
size, 14% showed LOH of the allele of higher molecular size, 
while 33% of cells did not display gross chromosomal rear- 
rangements at this marker {Fig. 4). None of these tumor cells 

10 demonstrated microsatellite instability. Analysis of 100 cul- 
tured primary human melanocytes did not demonstrate LOH or 
MSI in any of these cells. These data confirmed that analysis 
of microsatellite DNA of multiple cells on the single-cell or 
oligo-ceils level yields quantitative data on mutant frequen- 

15 cies, on genetic heterogeneity as well as on the predominant 
class of genetic instability present in tumor cells. 



Therefore, the preferred embodiment of the invention consists 
of a separate mutation analysis of multiple single-cells or 
20 small cell-clusters. The method of diagnosing comprises the 
steps of: 

1) Obtaining a solution of single-cells or small cell- 
clusters of premalignant or tumor mammalian tissue; 

2) Enriching tumor- or tissue-specific cells, if necessary; 

25 3) Obtaining normal mammalian tissue of the same organism; 

4) Extracting DNA or RNA from a large number of single- 
cells or small cell-clusters of the premalignant or tu- 
mor tissue in separate and small scale reaction volumes; 
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5) Extracting DNA or RNA from pooled normal mammalian cells 
or tissue; 

6) Independent PGR, reverse transcription PGR (RT-PCR) or 
DNA-DNA/ RNA~DNA/RNA-RNA-hybridisat ion performed in small 

5 scale volumes on all extracted DNA or RNA samples in or- 

der to detect microsatellite instability, gross chromo- 
somal rearrangements or disease specific mutations and 
changes in gene expression; 

7) Performing independent analysis of PCR- or RT-PCR- 
10 products or DNA- DNA/ RNA- DNA/ RNA-RNA- hybrids of each ana- 
lysed single-cell or small cell-cluster as well as of 
the normal DNA/ RNA sample; 

8) Comparing the molecular results obtained from preneo- 
plastic or tumor tissue with data generated from the 

15 normal DNA/ RNA sample; and 

9} Determining the nature of genetic instability and quan- 
tifying the frequency of specific mutants as well as the 
degree of genetic heterogeneity in the analysed prema- 
lignant or tumor tissue. 

20 

Although fresh and archival tissue may be used for analysis, 
best results are obtained with unfixed cells with intact ge- 
nomic DNA. Blood cells, cells of effusions or smears may be 
analysed directly. 

25 

Solid tissues are analysed after enzymatic or mechanical dis- 
sociation of the tissue into single-cells or small cell- 
clusters . 
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Microdissection of f ormalin~~f ixed tissue sections of routine 
histology slides at multiple regions may be used to analyse 
archival formalin-fixed tissue specimen that may not be 
5 transformed into a single-cell solution due to crosslinking 
of cells. In this case, the number of analysed cells per re- 
action has to be sufficiently large in order to avoid false 
positive results through unbalanced degradation of the ana- 
lysed alleles, 

10 

In one embodiment of the present invention', the target for 
mutation analysis is dependent on the expected frequency of 
mutant in the analysed samples: Chromosomal regions, which 
are preferentially mutated ( = positively selected mutations) 
15 are used for analysis of preneoplastic lesions whereas chro- 
mosomal regions that are not preferentially mutated represent 
targets, which are more suitable for analysis of advanced ma- 
lignant tumors. 

20 In a preferred embodiment of the invention specific markers 
are employed. The analysis of melanocytic nevi {moles} and 
early melanomas is performed by analysis of microsatellite 
markers on the short arm of chromosome 9 and the long arm of 
chromosome 10 and 14 such as D9S259, D9S171, D9S942, D9S1748, 

25 D9S162, D10S215, D10S209, D14S267 and D14S53. Markers on the 
short arm of chromosome 18 such as D18S65 are suitable for 
analysis of mutation loads in advanced malignant melanomas. 
Among others, microsatellite markers D6S260, D6S261, D9S162 
and D18S65 are particularly suitable for the analysis of cu- 
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taneous T-cell lymphomas. Markers on the short arm of chromo- 
some 3 such as D331300, D3S4103 and D3S1283 are used for the 
analysis of cervical scrapes, cervical cancer as well as 
epithelial head and neck cancers* Analysis of sputum for lung 
5 cancer screening can be performed with markers on 9p and 9q 
as well as with microsatellites on the short arm of chromo- 
some 8 such as D8S133 and D8S137 . 

An alternative system for demonstration of gross chromosomal 
10 rearrangements would be the detection of loss of heterozygos- 
ity by analysis of single nucleotide polymorphisms (SNPs) . 
Allele specific PCR amplification or hybridisation with se- 
quence specific DNA or RNA probes labelled with enzymes or 
fluorescent dyes can be used to discriminate between alleles, 
15 Measurement of melting curves of DNA- DNA or RNA- RNA or DNA- 
RNA-complexes by laser scanning represents an alternative 
method to distinguish between alleles* 

Competitive multiplex PCR may also be used to detect gross 
20 chromosomal rearrangements leading to homozygous loss of tu- 
mor suppressor genes such as pl6 xnk4 . Loss of chromosomal ma- 
terial can also be demonstrated by hybridization with spe- 
cific DNA or RNA probes, 

25 Analysis for mutations at repetitive DNA sequences within ge- 
nomic DNA other than microsatellite DNA may also be performed 
in order to detect defects of DNA mismatch repair. 



WO 02/088388 PCT/IBO 1/00696 

21 

Disease specific mutations, such as codon 12 K-ras-rnutations 
in colorectal cancer, may also represent molecular targets 
for determination of mutation loads. They may be demonstrated 
by sequence-specific polymerase chain reaction (SSP-PCR) or 
5 by hybridisation with sequence-specific DMA probes labelled 
with enzymes or fluorescent dyes. 

Defects of RNA transcription due to specific mutations may be 
detected after reverse transcription and PGR {RT-PCR) with 
10 specific primers. 

In another embodiment of the invention, mutation loads are 
analysed by determining mutant frequencies and the frequency 
of individual cell clones {genetic heterogeneity) separately* 

15 

In yet another embodiment, mutation loads are determined by a 
mutation index integrating mutant frequencies (m) and the 
frequency of individual cell clones (n) by the formula: Vmxn , 

20 In another preferred embodiment, the identification of indi- 
vidual cell clones is enhanced by analysing a set of multiple 
microsatellite markers on each single-cell or on a small 
cell-cluster* This procedure enhances the probability of de- 
tecting different cell clones by the pattern of chromosomal 

25 rearrangement or by the presence of mutated alleles. 
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Primary fields of application of the present invention are 
the detection and quantification of mutations: 

in preneoplastic conditions in order to identify pa- 
tients at risk for cancer development; 

5 in order to clarify diagnosis and progression state of 

malignant disease; 

in order to specify the mechanisms of genetic instabil- 
ity and the degree of genetic heterogeneity in malignant 
tumors; and 

10 - in order to screen for the presence of mutations confer- 
ring resistance to cancer treatment. 



It is the most preferred embodiment of the present invention 
to employ cell-microarray-chips (CMC) for the analysis of 
1.5 multiple single-cells or small cell-clusters. 



By employing CMC for the analysis of mutant frequencies and 
genetic heterogeneity according to the present invention a 
large number of cells are immobilised in a specified geomet- 

20 ric order, primarily as a grid array, onto a miniaturised 
carrier which then enables the independent analysis of sin- 
gle-cells or small cell-clusters in separate reaction and 
analysis spaces (Fig. 5). Said approach provides information 
on the number of modified cells as well as on the nature of 

25 the molecular alteration. 
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In a further embodiment of the Invention solid tissues are 
analysed after enzymatic or mechanical dissociation of tissue 
into a single-cell suspension while blood cells, cells of ef- 
fusions or smears may be analysed directly as single-cell 
5 suspensions. The single-cell suspension then interacts with a 
carrier that bears multiple binding areas for target cells 
present within the cell suspension (Fig, 6) , 

In a particularly preferred embodiment , the binding areas on 
10 the carrier are organised in a defined geometric order that 
may form a two dimensional grid array, a more complex two di- 
mensional array or even a three dimensional organisation de- 
pending on the requirements of the subsequent analysis proce- 
dure. The binding areas define separate reaction and analysis 
15 spaces. The number of individual analysis spaces depends on 
the scope of the diagnostic procedure* The analysis spaces 
are densely packed. The carrier bearing the binding areas 
forms a miniaturised device in order to enable simultaneous 
analysis of multiple single-cells or multiple small cell- 
20 clusters. The preferred number of analysis spaces lies in the 
range of 50 to 20000. 

In another preferred embodiment , selective analysis of spe- 
cific cells is ensured by interaction of the binding area on 
25 the carrier with target molecules on the surface of these 
cells. Among others, antibodies, integrins, lectins, recep- 
tor-ligand complexes, bioengineered molecules or related 
mechanisms, enable binding {Fig. 6). 
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In yet another embodiment, the number of ceils bound to each 
analysis area is determined by the surface area of the mole- 
cules mediating specific binding on the carrier (Fig. 6). 
This approach enables to modify the number of cells that are 
5 analysed together in one analysis space according to require- 
ments of the inventive method. 

Procedures related to the analysis of the bound cells, like 
staining or incubation with antibodies, are performed di- 

10 rectly on the carrier. Molecular detection procedures are 
performed after providing separate reaction volumes filled 
with reaction and detection reagents. In one embodiment, 
separate small scale reaction volumes are provided by a cover 
yielding concave depressions. The carrier may bear concave 

15 depressions as well (Fig, 7). 

Molecular analysis may be performed using antibody-antigen 
binding, DNA or RNA hybridisation, polymerase chain reaction 
{PGR) or computer-assisted image processing of specific mor- 
20 phological changes. Analysis may be performed directly on the 
carrier or after transfer of material onto a specific analy- 
sis device. 

In a further embodiment of the invention, for molecular 
25 analysis on the miniaturised carrier/cover system fluorescent 
probes are used that can be detected by laser scanning 
through a transparent cover {Fig. 8). Simultaneous analysis 
of melting or dissociation curves may provide information on 
base composition and the presence of mutation within the ana- 
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lyseci DNA or RJSJA molecules. Alternatively, material from the 
separate reaction and analysis spaces can be transferred to 
an external analysis device after piercing of a thin .membrane 
on the outer surface of the cover (Fig- 8), 



EXAMPLES 

The following examples are included for illustrative purposes 
10 only and are not intended to limit the scope of the inven- 
tion , 

EXAMPLE 1 

15 Determination of mutation loads by analysis of multiple sin- 
gle cells 

a) Preparation of tissue specimen; 

In order to assess mutation load of a melanocytic nevus 
in a patient with multiple moles, a transverse 0*2 cm 

20 thick tissue strip is obtained from the freshly excised 

nevus and cut into 0,1 x 0.1 cm cubes and placed in vor- 
tex at 37 °C for 60 min in 1 ml of t rypsin/EDTA-solution 
(Sigma) containing 10 mg/ml dispase (Sigma) * The cells 
are then pelleted through centrif ugat ion at 500 rpm for 

25 3 min at RT, washed with phosphate-buffered saline (PBS) 

and then resuspended in PBS. The solution may be used 
directly with a cell-mi croarray-chip . If analysis is 
performed by limiting dilution, then concentration of 
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ceils is first determined by cell count and the solution 
is diluted with PBS to 1-2 cells per \il . 

b) Amplification of microsatellite DNA: 

Markers D9S259, D9S171 and D9S162 labelled 5'prime with 
5 the dyes 6FAM, HEX and NED {Microsynth) are suitable for 

analysis of mutation load of melanocytic nevi . PCR is 
done in a total volume of 20 \il with 0.5 U Taq- 
polymerase (AmpliTaq Gold, PE Applied Biosystems, Foster 
City) . 1 (il of the diluted ceil solution is used for 

10 every PCR amplification* Final primer concentration is 

1.5 \M and Mg 2 * concentration is 2 mM. 38 4 samples are 
prepared on a 384-weil microtiter plate with each primer 
for- every analysed nevus, PCR is done on a DMA Thermal 
Cycler Dual 384-Well GeneAmp® PCR System 9700 (PE Ap~ 

15 plied Biosystems) using the following temperature pro- 

files: 8 min at 95°C; 2 cycles of 1 min at 58°C, 15 sec 
at 72 °C, 30 sec at 94,5 °C; 5 cycles of 1 min at 55°C, 
15 sec at 72 °C, 30 sec at 94 °C, 22 . cycles of 1 min at 
55°C, 20 sec at 72 °C, 20 sec at 92 °C; a final step of 

20 25 sec at 55°C and 5 min at 72 °C, 

c) Analysis of amplified microsatellite DNA: 

1 fxl of every PCR amplification sample is mixed with 12 
}xl of Dl Formamide {Sigma) and 0.5 fxl of size standard 
GENE SCAN 4 00HD ROX ( PE Applied Biosystems) . This mixture 
25 is automatically analysed by an automated DNA sequencer 

(AB1 PRISM 3100, PE Applied Biosystems) « LOH is scored 
positive when the fluorescence peak of one allele is re- 
duced in intensity by more than 80 % as compared to the 
other microsatellite allele. 
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EXAMPLE 2 

Cell microarray chip (CMC) for the analysis of mutation loads 
in meianocytic nevi 
5 Construction of a CMC is described in figure 8. The carrier 
consists of a Fast™ slide (Schleicher & Schuell) - The array 
contains 50 to 20' 000, preferably 1000 analysis spaces. Each 
binding area contains a spot of 50 jxm diameter that contains 
10 nl of biotinylated mouse IgG antibodies (50 |xg/l) against 

10 the S100 protein expressed predominantly on meianocytic 
cells. One cell can be bound in each analysis space. The 
analysis and reaction volume is approximately 0.01 (xl . When 
analysing small cell-clusters 2 to 1000 cells may be immobi- 
lized in each space. The reaction volume will increase ac- 

15 cordingly. A silicone coating ensures tightness between car- 
rier and cover. The cover yields a 2 p thick transparent 
polyester film that can be pierced by a capillary in order to 
take up the reaction fluid, 

20 

EXAMPLE 3 

Use of the CMV for determination of mutation loads 

The carrier is covered and incubated with the non-diluted 

25 single-cell solution at 37 °C for 15 min. Then, the carrier 
is washed twice with PBS. The carrier is covered with the PCR 
reagents containing primers for microsatellite markers and 
hot-start Taq-polymerase- The CMC is placed on a thermal cy- 
cler for PCR. The initial denaturation step is performed for 

30 15 minutes at 95°C in order to disrupt the cells and to acti- 
vate enzyme. PCR amplification is done as described by exam- 
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pie lb. After PCR-amplif ication, fluid is taken from every 
reaction space with a glass capillary which pierces through 
the polyester film. This DNA solution is analysed with an 
automated DNA~sequencer as described by example lc> 

5 
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CLAIMS 



1. A method for quantifying mutation loads in cells and 
5 tissues by determining mutant frequencies and genetic hetero- 
geneity characterized in that single cells or oligo-cells are 
analysed separately . 



2. The method according to claim 1, said method comprising 
10 the following steps of: 

(i) obtaining a solution of single-cells or small 
cell-clusters of mammalian premalignant or tumor 
tissue; 

(ii) enriching tumor- or tissue-specific cells, if 
15 necessary; 

(iii) obtaining normal mammalian tissue of the same or- 
ganism; 

(iv) extracting DNA or RNA from a large number of sin- 
gle-cells or small cell-clusters of the premalig- 

20 nant or tumor tissue in separate and small scale 

react ion volumes . 

(v) extracting DNA or RNA from pooled normal cells or 
tissue; 

(vi) performing independent PCR, RT-PCR or DNA- 
25 DNA/RNA- DNA/ RNA-RNA-hybr idi sat ion in small scale 

volumes on the extracted DNA or RNA samples from 
steps ( iv) and (v) ; 
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{vii) 



performing independent analysis of PCR- or RT- 
PCR-productS or DNA- DNA/ RN A- DNA/ RNA- RN A- h yb rids 
of step ( vi ) ; 



5 



{viii) 



comparing the molecular results obtained from 
step vii; 



(ix) 



determining the nature of genetic instability and 
quantifying the frequency of specific mutants as 
well as the degree of genetic heterogeneity , in 
the premalignant or tumor tissue. 



3. The method according to claims 1 and 2, wherein the ana- 
lysed ceils are of human or animal origin, 

4. The method according to any of claims 1 to 3, wherein 
15 the analysed cells are harvested as single-cells, obtained 

from solid tissues by mechanical or enzymatic dissociation 
into a single-cell suspension or are obtained from archival 
formalin-fixed tissue sections, 

20 5, The method according to any of the preceeding claims, 
wherein chromosomal regions, repetetive DNAs or genes of said 
cells are analysed. 

6. The method according to claim 5, wherein the regions ana- 
25 lysed for premalignant lesions are preferentially mutated 
chromosomal regions, repetetive DNAs or genes, 
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7. The method according to any of the preceeding claims, 
wherein the analysed cells originate from melanocytic nevi 
(moles), melanomas, cervical scrapes and cancer, cutaneous 
lymphomas as well as sputum, 

5 

8. The method according to any of claims 5 to 7, wherein 
the repetetive DNAs are microsatellite markers. 

9. The method according to any of claims 5 to 8, wherein 
10 the microsatellite markers are selected from the group con- 
sisting of D3S1300, D3341G3, D3S1283, D6S260, D6S261, D8S133, 
D8S137, D9S259, D9S171, D9S942, D9S1748, D9S162, D10S215, 
D10S209, D14S267, D14353, D18S65. 

15 10. The method according to claims 8 to 9, wherein a set of 
multiple microsatellite markers is used for analysing each 
single-cell or small cell-cluster. 

11. The method according to claims 1-7, wherein the analysed 
20 DNAs contain single nucleotide polymorphisms or disease spe- 
cific mutations, 

12. The method according to claims 1-7, wherein changes of 
gene expression are detected as indicator of disease specific 

25 mutations. 
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13. The method according to any of the preceeding claims, 
wherein mutation loads are analysed by determining mutant 
frequencies and/or the frequency of individual cell clones 
(genetic heterogeneity) . 

5 

14. A device for quantifying mutation loads in cells and 
tissues by determining mutant frequencies and genetic hetero- 
geneity characterized in that single cells or small cell 
clusters are analysed independently on said device* 

10 

15. The device according to claim 14, being a cell- 
microarray-chip (CMC) , 

16. The device according to claim 14 or 15, comprising 

15 (i) ceil surface molecules for a cell-type specific immobi- 
lisation of single-cells or small cell-clusters on the 
carrier; 

(ii) immobilized single-cells or small cell-clusters in a 
specific geometric order; 

20 (iii}a miniaturized carrier carrying the single cells or cell 
cluster of (ii) ; 

(vi) separate analysis spaces through the form of the carrier 
and a corresponding cover. 



25 17. The device of claims 14 to 16, wherein cell-clusters of 
2-1000 cells are immobilised in each analysis space. 
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18. The device of any of claims 14 to 17, wherein single- 
cells or cell-clusters are immobilised in a two-dimensional 
grid array or a more complex two-dimensional array. 

5 19, The device of claims 14 to 17 r wherein single-cells or 
cell-clusters are immobilised in a three dimensional geomet- 
ric order. 

20. The device according to claims 14 to 17, wherein single- 
10 cells or cell-clusters are immobilized in 50 to more than 

20.000 individual analysis spaces, 

21. The device according to claims 14 to 16, wherein the 
surface molecules on the cells are proteins or glycoproteins 

15 and the molecules on the carrier are specific mono- or poly- 
clonal antibodies or engineered recombinant molecules. 

22. The device according to claim 21 , wherein the surface 
molecules on the cells are receptors or lxgands and the mole- 

20 cules on the carrier are the corresponding natural or bioen- 
gineered ligands or receptors, 

23. The device of claims 21 and 22, wherein the surface 
molecules on the cells are integrins and the molecules on the 

25 carrier are the corresponding glycoproteins or extracellular 
matrix proteins. 
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24. The device of any of the preceeding claims, wherein the 
analysis of the bound cells is performed by molecular tech- 
niques detecting DNA or RNA. 

5 25. The device of claim 24, wherein the analysis of the 
bound cells is performed by polymerase chain reaction (PCR) ♦ 

26. The device according to claim 25, wherein the analysis 
of the bound cells is performed by molecular techniques using 

10 PCR-amplif ication of microsatellite DNA, 

27. The device of claims 26, wherein the analysis of the 
bound cells is performed by molecular techniques using the 
PCR- amplification of DNA sequences with single nucleotide po- 

15 lymorphisms (SNPs) , 

28* The device according to any of the claims 14 to 28, 
wherein the analysis of the bound cells is performed by se- 
quence-specific polymerase chain reaction (SSP-PCR) for de- 
20 tection of disease specific mutations. 

29. The device according to any of the claims 14 to 28, 
wherein the analysis of the bound cells is performed by hy- 
bridisation of fluorescent DNA or RNA probes, 

25 

30, The device of claim 14, wherein the analysis of the 
bound cells is performed by molecular techniques analysing 
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sequence specific melting curves of DNA-DNA or RNA-RNA or 
DNA-RNA-complexes ♦ 

31. The device according to any of the preceeding claims 14 
5 to 30, wherein the analysis of the bound cells is performed 

directly on the carrier/cover system, 

32. The device according to any of the preceeding claims 14 
to 31 f wherein the analysis of the bound cells is performed 

10 without physical contact with the cells or the surrounding 
medium by laser scanning, 

33. The device of claim 13, wherein the analysis of the 
bound cells is performed after creating a physical contact 

15 with the cells or the surrounding medium. 

34. The device according to any of the claims 14 to 30, 
wherein the analysis of the bound cells is performed by mo- 
lecular techniques requiring multiple steps, some steps being 

20 performed on the carrier/cover system and some steps are per- 1 
formed after transfer of material to an external analysis 
system. 

35. A kit comprising the device of claim 14 for performing 
25 the method of claim 1. 
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Figure 2. 
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